Review paper

Lung cancer is one of the most common causes of cancer death. Its poor
prognosis can be attributed to the
patients’ advanced or metastatic presentation at the time of diagnosis. To
improve and accelerate the diagnosis, better therapeutic and diagnostic
methods are constantly being sought.
MicroRNAs (miRNAs) are short nucleotide sequences of single-stranded,
non-coding RNA that function as critical post-transcriptional regulators of
gene expression. They are identified
not only intracellularly, but also in
physiological and pathological body
fluids. These molecules are responsible for the regulation of approximately
33% of human genes, either regulating the expression of both oncogenes
and suppressor genes or acting directly as an oncogene or suppressor
gene itself. MiRNAs can contribute
to the formation of cancer. The high
specificity and sensitivity of miRNAs
have been demonstrated with various malignant diseases, and for this
reason, they raise particular interest
as new and perspective biomarkers
of tumours. Our work summarises
the available information from recent
years regarding the possibility of using miRNAs as biomarkers in the diagnosis of neoplasms. In this review,
we focused on malignant pleural effusions with an emphasis on non-small
cell lung cancer (NSCLC).
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Introduction

As per the Globocan 2018 database, 18.1 million new cases and 9.6 million cancer deaths worldwide were expected in 2018 [1]. In both sexes combined, the most commonly diagnosed cancer is lung cancer (11.6% of the
total cases), followed by breast cancer (11.6%), prostate cancer (7.1%), and
colorectal cancer (6.1%) [1–3]. When looking at mortality rates, lung cancer
is the leading cause of cancer deaths (18.4% of the total cancer deaths), followed by colorectal cancer (9.2%), stomach cancer (8.2%), and liver cancer
(8.2%) [4, 5].
Over the last two decades of identifying new mutations in oncogenes,
gene suppressors, and genes responsible for genomic stability, the pathway of tumour formation could not be fully explained. In 1993, Ambros
and Ruvkun correlated the amount of LIN-14 protein to 22-nucleotide long
RNAs encoded by the LIN-4 gene, which are involved in the development
of Caenorhabditis elegans. This discovery changed the perception of the
genetic expression control system, indicating the possibility of silencing
target mRNA with the use of these small RNA molecules [6, 7]. Numerous
observations have provided evidence that short non-coding RNA sequences are involved in this complex process. Crucial elements of this regulatory
mechanism are miRNAs. At the date of publication, 2588 mature miRNAs
transcribed in the human genome have been identified [8]. The involvement
of miRNAs has been described in the majority of life processes, both in physiological and pathological states [9], as in the presence of lung-associated
malignant pleural effusions [10].
A single miRNA can modulate thousands of genes through the recognition
of complementary sequences at the 3’ end of the UTR of the target mRNA
[11]. Due to their discovery in various body fluids including blood, urine, synovial fluid, milk, saliva, and cerebrospinal fluid, as well as in fluids from
bronchoalveolar lavage, the use of miRNA in diagnostics has significantly
increased [12–14]. Depending on the genes that they influence, miRNAs can
function either as “oncomirs”, activators of carcinogenic transformation, or
as suppressor miRNA, which are inhibitors of oncogenes [15]. They can participate in various stages of cancer formation through their control over the
expression of genes responsible for cellular events. For this reason, it has
been suggested that miRNAs may be applied as biomarkers for the early
diagnosis of cancer, or in monitoring its progression [16]. Their use provides
many advantages. It has been shown that the specificity and sensitivity of
miRNAs were higher than other biomarkers when used for screening colon,
lung, and urinary bladder cancer, particularly in specific miRNA combinations
[17]. Materials for miRNA studies can be obtained quickly and the analysis of
miRNA profiles can be applied as a non-invasive method for cancer screening. Moreover, it is an inexpensive and rapid method, costing approximately 10 USD for raw materials and taking approximately 3.5 hours to obtain
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results [18]. These factors all indicate the utility of these
molecules as biomarkers for tumour detection.
Diagnostic tests for the analysis of miRNA profiles in
select cancers has recently been made available; however,
such solutions have not yet been proposed for the analysis
of pleural effusions.
Proper scientific investigations are beneficial, and more
are required to facilitate the selection of potentially valuable biomarkers. Most of the studies published are focused on the circulating miRNA, for example the work of
Switilik et al. [19]. In our review article we have attempted
to collect and comprehensively characterise literature data
concerning the use of miRNA as a biomarker in pleural effusion diagnostics.
MicroRNA – structure, synthesis, and functions

MicroRNAs are a group of single-stranded, noncoding,
endogenous molecules composed of about 20 nucleotides.
Genes encoding miRNA may constitute about 1–5% of all
genes within human and animal genomes [20]. Genes
coding miRNAs are localised not only in both the intron
and exon sequences of protein-coding genes, but also in
genomic regions that do not undergo the translation [21].
Often miRNAs are organised in groups that are subject to
gene transcription as polycistronic units [22].
Many hypotheses attempt to explain the origin and
properties of circulating miRNAs, and all are closely related without excluding each other. There are three leading
theories (Fig. 1).
The first assumes that the occurrence of miRNA in the
blood is a bystander effect of cell destruction and is due to
the passive release of cellular miRNAs. This effect may occur
as a result of damage to tissue and can thus be characteristic for particular stages of cell pathophysiology, including cancerogenesis, cell entry into inflammation, necrosis,
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apoptosis, or during the development of metastases. The
second hypothesis accents the active process of miRNA release from the cell in a manner dependent on microvesicles
(MV; exosomes). The third theory emphasises active and selective miRNA secretion in a free-form manner, independent
of MVs, which is a consequence of the cell’s response to
various stimuli [23]. This mechanism takes place owing to
the formation of the miRNA complex together with proteins
from the Argonaute family (Ago) and high-density lipoproteins (HDL). Microvesicles act as carriers of information between healthy cells and tumour cells alike. They can secrete
exosomes that provoke an anti-tumour response from the
host’s immune system, and tumour growth can be promoted by either inhibiting the immune response or by enhancing angiogenesis [24]. Exosomes from tumour cells contain
tumour antigens, and these promote immunisation, followed by eradication of tumours by the activity of CD8+ and
CD4+ T-lymphocytes [25]. This is accomplished intracellularly in tumour exosomes by transport of miRNA, which can
act as a ligand of Toll-like receptors (TLR). It has been shown
that miR-21/29a secreted from tumour cell exosomes can
bind to TLR8 and lead to NF-kB activation and secretion of
inflammatory cytokines such as TNF and IL-6 factors, which
have a role in promoting metastasis.
There is increasing evidence suggesting that exosomes
support oncogenesis by transporting oncoproteins, miRNAs, mRNAs, DNA, and immunosuppressive molecules responsible for promoting a phenotype that supports further
tumour development. Ruiz-Martinez et al. have shown that
miR-134 and miR-135b can regulate YKT6, which is a crucial
exosome release control point. Approximately 30–80% of
human genes are regulated by miRNAs [26–30]. Control of
the silencing of genes can occur through direct degradation of mRNA or via inhibition of its translation [31], and
in this way, a single molecule of miRNA can control the
expression of hundreds of target genes simultaneously
[32–35]. MicroRNAs participate in the regulation of cell division, cell-cycle control, cell differentiation, apoptosis, angiogenesis, and oncogenesis [36–42]. These molecules are
capable of regulating cells of the immune system by influencing their production and differentiation, and by modulating the immune response during infection. In unicellular
organisms, miRNA can also inhibit translation [43–53].
The first theory assumes that the occurrence of miRNA
in the blood is a bystander effect of cell destruction and is
due to the passive release of intracellular miRNAs. This effect may occur as a result of damage to tissue and thus is
characteristic for particular stages of cancerogenesis, cell
entry into inflammation, necrosis or apoptosis, or during
the development of metastases. The second hypothesis
accents the active process of miRNA release from the cell
in a manner dependent on microvesicles. The third theory emphasises active and selective miRNA secretion in
a free-form manner, independent of MVs, which is a consequence of the cell’s response to various stimuli.
The role of miRNA in the pathogenesis of cancer
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Fig. 1. The three leading theories explaining the origin of circulating
miRNAs

It has been proven that miRNAs are not only able to
regulate the expression of oncogenes and suppressors
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but can also function directly as an oncogene or as a suppressor [54]. The oncogenic effect of miRNAs is provided
through the silencing of expression, or the deletion of
mRNA, of oncogenes inhibitors, as well as the silencing
of suppressor gene amplification or the up-regulation of
their expression in neoplastic cells. The lack of miRNA expression results in severe cellular abnormalities, leading to
tumorigenesis of the lungs [25]. These abnormalities may
be due to the fact that almost 50% of the miRNA genes
are localised within regions of the human genome prone
to innate damage, known as fragile sites. Mutations in
these areas are often associated with oncogenesis. This
indicates a strong association between abnormal expression of miRNA and the development and progression of
cancer [55]. Fragile sites of the genome are areas on chromosomes that are susceptible to frequent mutations, such
as loss of genetic material or fragment rearrangement, abnormalities that are often observed in cancer cells. Expression of genes coding for miRNA located near these fragile
sites may be altered pathologically. Examples of such molecules include miRNA-15a and miRNA-16/1, which are coded by genes localised in a fragile region on chromosome
13 known as area 14.2. Because of frequent gene deletions
in this region, there is reduced expression or even a complete lack of these miRNAs observed in many patients
with prostate cancer, chronic lymphocytic leukaemia (CLL),
B-cell lymphoma, mantle cell lymphoma (MCL), and multiple myeloma (MM) [56].
MiRNAs in the pathogenesis and progression
of non-small cell lung carcinoma

Many studies support the potential role of miRNAs as
biomarkers in non-small cell lung cancer (NSCLC). Increasing evidence indicate the association between altered
miRNA expression and tumour progression and survival.
Patients with NSCLC who were found to have a down-regulation of let-7 expression have been shown to have lower
postoperative survival and worse prognosis [57].
This decrease in levels of let-7c expression was reported to be significantly associated with cancer metastasis,
venous invasion, advanced TNM stages, and poor survival
in patients with NSCLC [58]. It was also shown that miRNA-520b plays a role as a tumour suppressor gene in the development of NSCLC. Its downregulated expression in lung
cancer tissue was negatively correlated with tumour development, lymph node metastasis, and TNM staging [59].
The pathophysiology of malignant pleural
effusion

A malignant pleural effusion (MPE) is an indicator of
the high degree of histological malignancy of a tumour,
especially concerning lung adenocarcinomas [60]. The annual incidence of lung cancer worldwide is approximately 1.8 million individuals [61]. Most patients present with
advanced-stage disease, for which the treatment remains
palliative. Pleural effusions can occur in many types of
lung cancer. The presence of MPE in patients diagnosed
with lung cancer is an unfavourable prognostic factor.
The exact pathomechanism of the formation of the MPE

has not been fully elucidated. One explanation includes
an increase in capillary permeability, where an increase
in the volume of a pleural effusion occurs when the fluid
production exceeds its removal ability. Angiogenesis and
growth in lymph production accompanying this proliferative process along with the formation of metastases promotes the development of effusion in the pleural cavity
[60]. It is therefore imperative to recognise the aetiology
of a patient’s pleural effusion using biomarkers with high
sensitivity and specificity, such as miRNAs, which would
allow earlier detection and treatment of patients with suspicious lesions.
Prognostic and diagnostic biomarkers
in malignant pleural effusions

For the assessment of fluid accumulation, the localisation of solid tumours within the pleural cavity, and differentiating pleural thickening that could be suggestive of metastatic cancer, it is chest X-ray and computed tomography
that are routinely performed [62]. In routine cytological testing of MPE, the presence of cancer cells in only confirmed in
60% of cases. Such detection is still insufficient for making
clinical decisions, and usually the diagnosis is made after
the use of more-invasive techniques such as thoracoscopy
or thoracotomy [63]. It was found that for the determination of MPE, carcinoembryonic antigen (CEA) showed good
specificity (94%) but a substantially low sensitivity (54%)
[64]. In this situation, it would be beneficial to search for an
additional marker or group of markers, allowing for a much
earlier preliminary diagnosis. It was proposed that miRNAs
can be used as such a factor in the differential diagnosis
of malignant and non-malignant pleural effusions. Recent
studies have shown several miRNAs present in pleural effusions, characterised by different levels of their expression.
Wang et al. linked the high expression of miRNA-100 and
a low miRNA-93, miRNA-134, miRNA-151, and miRNA-345
with poor survival rate [65]. Other studies have shown
that miRNA-134, miRNA-185, and miRNA-22 were present
at significantly lower levels in patients with malignant PE
as compared to those with diagnoses of non-malignant PE
(p < 0.001). Evaluation of the profile of miRNAs combined
with the CEA antigen measurement provided a test with
a sensitivity of 91.9% and a specificity of 92.5% [66]. Research has shown that MPE-associated adenocarcinoma
of the lung expressed lower levels of miRNA-198 than in
the case of non-malignant effusions [67]. Assessment of
the expression of miR-198, CEA, and CYFRA 21/1 allowed for
a test with a sensitivity of 89.2% and specificity of 85.0%
[68]. The findings of this investigation encourage further
efforts into the research of identifying additional biomarkers for the early detection of lung cancer, and in confirming
the above conjectures.
Expression of miRNAs in malignant pleural
effusions

The use of miRNAs as diagnostic biomarkers at this time
is associated with certain limitations. For example, it has
been proven that a single miRNA may regulate the transcription of more than one mRNA, while on the other hand,
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one specific mRNA may be controlled by several miRNAs,
making it difficult to determine a target molecule [69, 70].
There are also studies implicating the same marker in entirely different diseases, for instance miRNA-134 in oesophageal cancer [71], as well as malignant pleural effusions
associated with lung adenocarcinoma [10]. Laboratory investigations focusing on malignant pleural effusions are
thus a major diagnostic challenge. An attempt was made
to differentiate miRNA expression profiles in three groups
of PE-positive patients. In this study, PE samples were selected according to Light’s criteria [72, 73]. Effusions that
contained adenocarcinoma cells or pleural biopsy specimens were defined as APE; effusions with acid-fast bacilli
and Mycobacterium tuberculosis were determined as TPE;
and undiagnosed samples negative for cancer according to
histological or cytological criteria were classified as controls
(NPE). In this study, nine miRNAs (miRNA-200c-3p, miRNA200b-3p, miRNA-200a-3p, miRNA-429 and miRNA-141-3p,
miRNA-205-5p, miRNA-483-5p, miRNA-375, and miRNA203a-3p) were the most frequently observed in APE, when
compared with TPE or NPE. The indicated profile seems
promising as a means by which to accurately differentiate
APE from the other disease states. TPE and NPE, however,
had a similar miRNA expression profile. These two groups
differed from each other only in three miRNAs (miRNA148a-3p, miRNA-451a, and miRNA-150-5p). Even so it still
holds promise as a way to distinguish TPE from NPE [74].
The role of miRNA in cellular pathways

Currently, there is increasing interest in the role of
miRNA as a modulator of the signal pathway associated
with epidermal growth factor receptor (EGFR) [75]. Huang
et al. found that approximately 80% of exosomes isolated from NSCLC expressed the EGFR receptor on their
membrane, as compared to 2% in the case of chronic
pneumonia [76]. Within the exosomes from the biopsy of
lung tumours, 12 miRNAs were overexpressed: miRNA-17,
miRNA-21, miR-106, miR-146, miR-155, miR-191, miR-192,
miRNA-203, miRNA-205, miRNA-210, miRNA-212, and
miRNA-214 [77]. Rabinowits et al. concluded that based
on the differences in expression of miRNAs in this panel,
there is potential for a lung cancer diagnosis. These sequences allowed the authors to differentiate between
malignant and healthy lung tissue. The authors confirmed
that the above-mentioned 12 miRNAs showed increased
expression in NSCLC, and they proved its associations
with circulating exosomes. Moreover, investigators found
a correlation between relevant miRNAs and the resistance
of tumours to biological drugs, which were based on the
action of anti-EGFR antibodies. In summary, the discovery
of the role of miRNA in cellular pathways has allowed for
new targets for cancer therapy [78].
The pathological and molecular diagnosis
of mesothelioma

Another fatal neoplasm presenting with a broad spectrum of nonspecific symptoms is mesothelioma. This
primary pleural neoplasm has a very high level of ma-
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lignancy and constitutes a serious diagnostic challenge.
Patients with mesothelioma have a poorer prognosis and
a reduced quality of life at the time of diagnosis. In this
context, an analysis of miRNA patterns alongside classical cytology seems to be an interesting novel diagnostic method for mesothelioma-related pleural effusions.
There is a proven association between altered profiles
of miRNA and the presence of mesothelioma. Evaluation of the miRNA profile enables the investigation of
discrepancies between the various types of human lung
tumours. Gee et al. discovered that the expression level
of miRNA-200 in mesothelioma-related pleural effusion
is significantly lower than in the pleural effusion caused
by lung adenocarcinoma [79]. Matsumoto et al. linked
the decreased level of miRNA-17-5p, miRNA-30c, and miRNA-31 with a positive result for sarcomatoid carcinoma
[80, 81]. Pass et al. suggested that miRNA-29c-5p can be
used as an independent prognostic factor for establishing
the disease progression, as well as post-surgical time of
survival. The elevated level of miRNA-29c-5p is related to
a more favourable prognosis [82]. A signature comprising
the let-7c/5p and miR-151a/5p profile was indicated as
a tool for predicting the time of survival of mesothelioma patients, and elevated levels of these miRNAs were
linked with a less favourable prognosis [83]. Truini et al.
found that down-regulation of the miRNA-99a/let-7/miRNA-125b, the miRNA cluster, predicts a poor survival rate
in unresected mesothelioma [84]. In another study, it was
suggested that a combination of six miRNAs (miRNA-215p, miRNA-23a-3p, miRNA-30e-5p, miRNA-221-3p, miRNA222-3p, and miRNA-31-5p) provides approximately 90%
accuracy for survival prediction of patients after surgically-resected mesothelioma [85].
Expression of miRNAs in pleural effusion
of varying aetiologies

The diagnostic utility of specific microRNAs has been
reported in differentiating between patients with malignant pleural mesothelioma and those with benign asbestos-related pleural effusion. A significant upregulation
of multiple miRNAs (including miRNA-484, miRNA-320,
let-7a, and miRNA-125a-5p) was discovered in malignant
pleural mesothelioma compared to benign asbestos-related pleural effusion, suggesting a potential diagnostic
and therapeutic role [86]. The role of specific miRNA, particularly miRNA-93, has been elucidated in the regulation
of endothelial cell migration, proliferation, angiogenesis,
and cell cycle, playing an important part in the occurrence
and development of malignant pleural effusions. Its high
expression is associated with a good prognosis, due to
its inhibition of pleural effusion by regulating angiogenesis and lymphangiogenesis [87]. Furthermore, the differing expression levels of miRNAs, such as miRNA-182 and
miRNA-210 expression, are seen in malignant pleural effusions associated with lung adenocarcinoma compared
to benign pleural effusion, providing a useful role in the
minimally invasive screening for diagnostic evaluations of
pleural effusions [88].
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MiRNAs for the diagnosis and management
of malignant mesothelioma

Malignant mesothelioma develops from the mesothelial cells cushioning the serosal cavities [89, 90]. The
incidence of mesothelioma is rising dramatically worldwide, and it is expected to reach maximum levels in the
next 10 years [89, 90]. Long-term inhalation of asbestos
fibres is the typical agent involved in the genesis of this
neoplasm, and the pleura is the most affected structure
[90]. Patients with mesothelioma usually present with
recurrent pleural effusions. Fine needle biopsy and cytological examination of the exfoliated cells is the first line
of the diagnostic process, and for this reason, miRNAs
can be applied for diagnostic purposes, both in cell lines
and histologic samples [91]. Cappellesso et al. reported
that mainly miRNA-126 was down-regulated, whereas miRNA-19a, miRNA-19b, miRNA-21, miRNA-25, and
miRNA-126 were over-expressed in malignant mesothelioma cell lines versus the mesothelial cell line [92,
93]. The distinction of mesothelioma from reactive mesothelial cells (RMCs) may also be challenging, even
when immunocytochemistry or fluorescence in situ hybridisation is made [92, 93]. Investigators recognised
the profiling of pleural effusions using miRNA-21 and
miRNA-126 as a promising diagnostic tool that could
be helpful for cytopathologists in the distinction of mesothelioma from RMCs [93]. The microRNA profile was
also used for discriminating between mesothelioma
and lung adenocarcinoma, with results showing that
miRNA-130 was significantly higher in mesotheliomas
when compared with lung adenocarcinomas. The use of
miR-130a demonstrated a sensitivity of 77%, a specificity of 67%, a positive predictive value of 69%, a negative predictive value of 75%, and an accuracy of 72% in
identifying mesotheliomas [93]. Another group of scientists discovered the differences in expression of miRNA
between malignant pleural mesothelioma (MPM) and
benign asbestos-related pleural effusion (BAPE) samples. Eleven miRNAs were significantly upregulated
in MPM compared to BAPE and included miRNA-484,
miRNA-320, let-7a, miRNA-744, miRNA-20a, miRNA-193b,
let-7d miRNA-125a-5p, miRNA-92a, miRNA-155, and
miRNA-152 [86].
Several studies support the role of miRNAs in the aetiology of mesothelioma, suggesting their possible use
as diagnostic and prognostic markers of the disease [94].
MiRNA-16 was found to be directly related to mesothelioma patient prognosis. Its increased expression level has
been shown to correlate with higher patient survival, possibly due to its role in cell cycle control and carcinogenesis
[95]. Other than its role as a biomarker in disease prognosis, miRNA may also aid in discriminating between patients with malignant pleural mesothelioma and subjects
with past asbestos exposure [96].
Clinical implications and future perspectives

The monitoring of mesothelioma on the basis of the
evaluation of miRNA expression in the accompanying

pleural effusions appears to be a promising approach. We
suspect that the use of various miRNA profiles, particularly
specific to the regulation of oncogenes, will soon be used
routinely for fast and more precise diagnosis of patients
with suspected lung neoplasms. Santoni-Rugiu et al. have
highlighted that an Israeli company is already showing
promising diagnostic methods from an in vivo study of tissue-specific miRNA signatures to differentiate malignant
pleural mesothelioma from lung adenocarcinoma, based
on differentially expressed miRNAs, with high sensitivity
and specificity [97]. Santoni-Rugiu et al. have further elucidated miRNA-223 as a promising biomarker for detecting
malignant pleural mesothelioma. When compared with
non-malignant controls, malignant pleural mesothelioma expressed a diminished level on miRNA-223. This
was modulated by the c-Jun N-terminal kinase signalling
pathway, which inhibits the proliferation and motility of
malignant pleural mesothelioma cell lines by down-regulating gene expression of their microtubule regulator [97].
As public interest continues to grow regarding the leading
cause of cancer deaths when looking at mortality rates,
i.e. lung cancer, research into miRNAs will only continue to
expand with it. This is already being shown by the growing number of yearly entries in the public miRNA-registry,
known as miRBase [8], which now offers more potential
biomarkers to be tested by lung cancer researchers than
ever before.
Conclusions

Currently, screening tests serving to detect primary or
metastatic tumour cells in pleural effusions are labour-intensive and time-consuming. Such tests generate not
only high utilisation costs but also a high index of false
positive or negative results. This, in consequence, incurs
additional costs for the lengthy continuation of the diagnostic workup. This review article aims to explore the
significance of miRNAs and their promising new potential
for utilisation as diagnostic biomarkers for the differential
diagnosis of pleural effusions. We particularly emphasise
the possibilities of using these molecules for the workup
of the problematic diagnosis of mesothelioma, and for
metastatic pleural diseases. The diagnostic approach discussed in our article can complement the existing panels
of tumour markers and classical imaging techniques. Research on the prevention and early diagnosis of cancer has
focused on the identification of biomarkers that can help
in the detection of tumours using non-invasive diagnostic
methods. The addition of miRNAs can currently increase
the specificity and sensitivity of NSCLC detection. The specific signature of miRNA expression in malignant pleural
effusions can further be utilised in the prognostication of
NSCLC patient survivability. We have worked under the assumption that the pleural effusion environment, in contradiction to blood-circulating miRNA, is less likely to undergo
fluctuations resulting from peripheral processes such as
pregnancy, heart infarction, sepsis, or viral infection. Due
to the promising capabilities offered by MPE-derived miRNAs, we necessitate that further research studies are required. We speculate that the possibilities of an early and
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low-cost detection of NSCLC- or mesothelioma-derived
pleural effusions with the application of miRNA profiles
will provide a greater choice in the personalisation of anticancer treatment along with more objective follow-up for
those patients undergoing treatment. The assessment of
miRNA occurrence in pleural effusions is highly attractive
from the scientific point of view because it allows for the
investigation of the oncogenic processes concerning the
different elements presented in the cancer microenvironment. Such investigations enhance not only the scientific
knowledge surrounding tumour biology, but also its direct
and indirect implications.
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